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CIRCUIT DETAILS AND APPLICATION NOTE
FOR A VERSATILE PLASMA PROBE

INTRODUCTION

The Langmuir probe [1] is an atiractive experimental device with intrinsic diagnos-
tic capabilities that are readily applied to laberatory {2,3] and ionospheric [4] plasma
investigations. In its simplest form, the probe is a metallic eiectrode, of cylindrical,
planar, or spherical geometry, which collects current from a plasma when a voltage is
applied.

The nature of a particular probe « xperiment determines the exact manner in which
the probe voltage is applied. A continuous voltage sweep (with a period long compared
to the electron plasma period) is often employed in a standard diagnostic approach [2]
for measuring plasma density and temperature. On the other hand, higher sweep frequen-
cies and pulse-mcde operation are used to study the plasma response to time-dependent
fields [5]. Pulse-mode operation can also be used to study macroscopic sorption phe-
nomena and the resulting electrical perturbations associated with an active electrode in a
plasma environment [6,7].

In this report we present a new Langmuir-probe circuit which can be used in all of
the alorementioned areas of investigation. Its programmed modes of operation (Fig. 1)
alternate between a continuous sawtooth sweep voltage und a pulse-modulation mode in
which the pulse amplitude follows a sawtooth envelope. The continuous sweep represents
the standard approach to Langmuir-probe diagnostics, whereas the pulse procedure is an
improved diagnostic tool with capabilities for studying time-varying phenomena, whether
they be the plasma’s ability to respond to puls.d and RY electric fields or the time vari-

ation of ¢lectrode surface conditions resulting from neutral- and charged-particle
hombardment,

The electronic format in the pulse-modulated mode presents consecutive sequences
of four pulses which gcaerate distinet -V data points for the probe’s current-voltage
characteristic. The fifth pulse is blanke¢ out so that current Ig, collected at a fixed base-
line voltage Vg during the interpulse periods, can he monitored and used as a measure of
possible variations in the probe-plasma system. The duration of a sweep pulse 7,5,
(Fig. 2), as well as its repetition rate, can be varied over wid» limits. The swoep time
75 (Fig. 1), sweep ampli‘ude V, - V_ interpulse time 75 (Fig. 2), and baseline voltage
Vg can also be tailored to fit a given experiment or can be adjusted independently dur-
ing an investigation. The probe current is always sampled during a subinferval within a
sweep pulse, with the subinterval position ;) and duration 7, (Fig. 2) being separately
adjustable. This current sampling also ozcurs in identical fashion during the period cor-
responding to the blanked-oue fifth pulse.
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Fig. 2 -- Expanded time scale of the sweep pulses of Fig. 1
shown relative to the current-sampling interval
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The versatility of our circuit allows the following specific applications:

®  Variability in 7, of the continuous-sawtooth mode permits studies of the
response of plasma sheaths at both low and high frequencies;

®  Variability of the ratio 7y,/7y permits an evaluation of charging effects :
on contaminated surface-, and the alternate-mode capability (continuous saw- 4
tooth followed by pulse modulation) permits direct and immediate comparison
of the two approaches for collecting Langmuir-probe characteristics; 5
®  The variability in 7; and r;) makes possible the study of plasma response to
pulsed electric fields* B

¢ Measurement of the haseline current I permits a standard retarding-field
analysis of electron energy, even under conditicns of fluctuating plasma densi-
ties. (Because the running measurement of Ip throtghout the pulse-modulated
sweep provides a direct relative measure of the ambient plasma density, fluctu-
ating plasma densities can he unfolued from the resulting current-voltage charac-
teristic, provided the {luctuations are approximately linear between adjacent

values of Ig. In our studies, this constraint was satisfied by measuring Ig at .
approximately 10-ms intervals.)

s 100 0 g

*It should be noted that the sawtooth envelope precludes a perfectly square pulse. However, in our
applications the pulse height and width and the time rate of voltage variation in the sawtooth envelope
were such that the pulse could be considered square.
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In the sections that follow, a general and detailed circuit description is presented, : %

and a specific application of our pulse-modulated approach to probe diagnostics in con- 3 3
taminating plasma enviroaments is described. ]
GENERAL CIRCUIT OPERATION §
Figure 3 is a simplified block diagram of the instrument. The probe-veltage sweep, ;
described ir the Introduction, is produced by a linear-sweep generator which is interrupt- i
ed scquentially by the modulator when operation is in the pulsed-sweep mode. The 3
maodulator pulse (100 ps) is generated by a repetitively triggered multivibrator. A separate :
multivibrator, synchronized with the sweep pulse, establishes the sampling interval (50 us)
during which the probe current is measured and stored (Fig. 2). Logic circuits program 3

the instrument to alternate between the pulse-modulated-sweep mode and the continuous-
sweep mode, with probe-current sampling in either mode occurring during the current-
sampling interval only. The modulator pulse and probe-curreni-sampling repetition rates
are eyual to that of an externally generated master pulse.

ot e N E kel A el e

Through electronic switches 8; and Sy the Langmuir probe is connected to one of
two electrcmeters with sensitivities which differ by a factor of 100. A differential ampli-
fier converts the floating electrometer output voltage to a ground-referenced-voltage sig-
nal, the polarity of which is monitored. The signal itself is full-wave rectified so that
both positive- and negative-current signals appear wi*h positive polarity. This obviates
the need fzr mirror-image circuits in processing bipolar signals.

s

L

The rectified signal is then sent to three parallel amplifiers having gains of 25, 5,
and 1 respectively. The gain selector sends to the storage circuit the output signal from

the highest gain amplifies that is not in signal saturation. The storage circuit holds the
signal value until the next probe-current sampletime arrives.

Th.ough appropriate logic circuits, a signal that exceeds the range of the X1 ampli-
fier switches the probe from the high-sensitivity to the low-sensitivity electrometer. If
the X 25 amplifier signal falls below a certain fixed value, the higher sensitivity electrometer
is restored to operation. With the elzctrorieter and amplifier gain ratios set at 100/1
and 25/1 respectively, Langmuir-probe input currents with an amplitude range of 2500
arrive at the instrument output with comparable amplitudes. The individual experimenter

can select a different dynamic range by simply changing the values of resistors in the
electrometers and amplifiers.

An advantage of the electrometer-seleciion logic is that electrometer switching never
occurs while probe current is actually being measured. If for instance, a probe-current
sample saturates the X1 (least sensitive) amplifier, then the less sensitive electrometer is
switched into the circuit immediately following the sweep pulse so that switching tran-
sients will have settled down by the time the next sweep pulse arrives. Because the value
of the probe current measured during a sweep pulse is most often quite different from
that measured during a blanked-out (baseline voltage) pulse, the logic is programmed to
separate the required electrometer switching information for pulses 1, 2, 3, and 4 from
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that for the “‘missing” pulse 5. Thus prior t.. the occurrence of a probe-curreni measure-
ment at the baseline voltage Vg (pulse 5), circuit logic has already selected the eletrom-
eter specified by the value of the probe current measured during the previous pulse 5.
Likewise, rrior t.. he occurrence of pulses 1, 2, 3, or 4, electrometer switching will have
been gov:.ned by the probe current measured during pulses 4, 1, 2, or 3 respectively.

For e. ¢h measurement of probe current, the selected values cf amplifier gain,
electromcter sensitivity, signal polarity, and sweep voliage must be known. These func-
tions are monitored and stored in a second storage unit used for that purpose.

CIRCUIT DETAILS
S-weep Circui’;

ihe circuit of Fig. 4 produces a linear sweep voltage at a sweep rate inversely pro-
per o to the oduct RgCy™ 74 (Fig. 1 . with vcitage limits V.. and V4 (Fig. 1)
¢ vl 4 by voltage V. and resistors Ry, Rg, R3, and R4. Operational amplifier 1, a
i+ L. . .egrator, determiues the sweep rate; amplifier 2 reverses the sweep direction at
v ., e limits Vo and V. The output excursion of amplifier 2 is limited by two diodes
to slightly more than V,. With V; fixed, the ratio R/R9 determines the peak-to-peak
sweep-voltage excuision, and tue ratio R3/R4 sets the voltage about which the excursion
is centered. If Rg = R7, the slopes of the positive- and negative-going sweeps are equal
in absolute value. The square-wave output from amplifier 2 is rendered TTL compatible
by the 4.5-V zener-diode/diode network.

An externally geneiated master pulse (Fig. 5) determines the probe current-
sampling rate for the insirument and triggers the pulse sequence of Fig. 2. A multivibra-
tor produces the sweep modulation pulse, the length of which is determined by R;C;
and is set to 100 us in this instrument. A second multivibrator determines the time delay
hetsween initiation of the sweep pulse and the bheginning of the probe current-sampling
interval; this delay is determined by R9Cs and is set to 40 us. A third multivibrator
generates the probe current-sampling interval, which is controlled by R3C3, and is set in
this case to 50 us. This current-sampling pulse, which enables the signal and monitor
sample-and-hold circuits, terminates 10 us before the end of the 100 ys sweep pulse and

thus avoids the signal and monitor transients that accompany the termination of the
sweep pulse itself.

The count-of-five circuit in Fig. 5 comprises three fiip-flops. As shown in the
accompanying truth table, output @3 provides the logic input to the sweep modulator
(Fig. 6), which blanks out pulse 5 (every 5th pulse). (Fiip-flop 4 is part of the sweep
modulator.)

Figure 6 details the sweep modulator and shows the transistor switch, which in an
opened state maintains a fixed voltage Vp on the sweep bus. This fixed-voltage level
is established by the Ry: Rg divider network. Modulation cf the sweep is accomplished
by closing the switch and connecting the sawtooth voltage (Fig. 4) to the sweep bus
(Fig. 6) only during a 100-us sweep pulse. In this particular instrument a pulse-modulated
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HOLMES AND SZUSZCZEWICYZ

sweep alternates with a conventional linear (unmodulated) sweep. Flip-flop 4 (Fig. 5)
disables the modulator on alternate cycles of the linecar-sweep generator (Fig. 4 through
6). During modulation, the 100-us sweep pulses close the transistor switch (Fig. 6).
leaving it open during the interpulse interval. Pulse 5 is blanked out by the logic input
from Q3. During alternate sweeps, the transistor switch is closed, and the continuous
linear sweep (Fig. 4) is sent unaltered to the sweep bus (Fig. 6). During the continuous
sweep, the pulse sequence (Fig. 2) continues uninterrupted, and the probe current is
saumpled during the sampling interval only, just as it is in the pulsed-sweep mmode.

Flectrometers

The high- and low-sensitivity electrometers (Fig. 7) are connected and disconnected
by means of transistor switches in both the input and output leads; positive voltage on
line B connects the high-sensitivity electrometer into the circuit.

An Apalog Devices type 516 FET high-speed operational amplifier is used for the
high-sensitivity electrometer. Zener-diode limiters shunt the 20-M$2 feedback impedance
during large instantaneous capacitive input currents caused by the leading edge of the
sweep pulse. Without limiters, recovery from such transients may be too slow; recovery
in the less sensitive electrometer is sufficiently fast,

The electrometer output signal and the sweep voltage are sent to the differential
amplifier for sweep-voltage subtraction. The resulting signal voltage is referenced to
ground and proceeds to the comparator for detection of changes in signal polarity and
to an analog full-wave rectifier which transmits incoming positive signals and inverts those
of negative polarity. The full-wave rectified signal is sent to the scale changer.

Scale Changer

Three separate amplifiers (Fig, 8), having gains of 25, 5, and 1 respectively, have a
common input terminal and provide a convenient dynamic range to bridge and extend
the 100-to-1 sensitivity difference between the two electrometers. Transistor switches
in each amplifier output connect the most sensitive amplifier having an on-range signal
to a common output line which is the input to the sample-and-hold data-output circuit.
During each 50-us current-sampling pulse, the voltage on the sample-and-hold input is
stored and held. The particular amplifier in use at this time is identified by monitor
voltages sent to the monitor sample-and-hold circuit.

FElectrometer Switch Logic

On the basis of the signal level measured during the sampling pulse, this circuit de-
cides which electrometer shall be used for the next sample pulse. If the signal from the
X 1 amplifier is greater than 4.9 V (of a maximum range of 5.0 V), then the low-sensitivity
electrometer will be used for the next try. If, on the other hand, the signal from the
X 25 amplifier is less than 1.0 V, then the more sensitive electrometer will be tried next.

10
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Electrometer switching takes place on the trailing edge of the sweep pulse, a few
microsecondr after the signal sample has been taken. This allows time for the new elec-
irometer to settle down before the next sampling pulse arrives. As was discussed in the
Introduction, storage of electrometer-switching information for the blanked-out pulse 5
is separate from storage for pulses 1, 2, 3, and 4. Figure 9 outlines this logic, and Fig.
10 details the electronics.

The signal-level switching information from the X 25 and X1 amplifiers is held in
bilevel Schmitt storage circuits (Figs. 9 and 10) which, at the termination of the sweep
pulse, flip the electrometer switch (also a Schmitt circuit) to the state identical to that
of the storage circuit. Storage for pulses 1, 2, 3, and 4 is one Schmitt circuit, and stor-
age for pulse 5 is the other.

It should be noted that the storage-circuit input gates conduct during the sampling
pulse, whereas the storage-circuit output gaies concuct during the differentiated trailing
edge of the sweep pulse. Logic for these gates originates at the count-of-five outputs
which are labeled in Fig. 10.

Monitors

From a reading of the monitor output voltage (Fig. 11), one can determine:

Whether the probe current is positive or negative.
Which electrometer is connected into the circuit.
Whether the X 25 amplifier is off range.

Whether the X 5 amplifier is off range.

Calt adl Sl o

Each of these four monitored binary functions turns “on” or “off” its own constant-
current generator which feeds common resisior R. The voltage across R is sampled and
stored during each sampling puise. For appropriately chosen values of constant current,
cach combination of possible states of these four functions prod-::es its own unique
voltage across R. During the occurrence of each pulse 2 (of the count of five), the
switch connects the sweep voltage to the sample-and-hold monitor circuit so that of each

five monitor samples, one of them is equal to the instantaneous value of the sweep voltage.

Power Supplies

This instrument requires 15-V positive and negative supplies for the operational am-
plifiers and a positive 5-V supply for the TTL logic. Because the two clectrometer cir-
cuits are themselves referenced to the sweep voliage rather than to ground, it is necessary
that the power supplies for the electrometers be separate from those that serve the rest
of the instrument and that they have high capacitive reactance to ground. The common
terminal of the positive and negative 15-V electrometer supplies is connected to the sweep

voltage rather than to ground.
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AN APPLICATION

There is considerable evidence that the standard continuous-sweep approach to
Langmuir-probe diagnostics |6 - 10] can lead to serious distortions of the current-voltage
characteristic measured in contaminating plasma environments These distortions manifest
themselves as hysteresis in the current-voltage characteristic, with the phenomenon fre-
quently interpreted in terms of a parallel-RC-circuit model for the contaminated probe
surface. There are several approaches to circumventing this problem [6], one of them
being the pulse-mode operation depicted in Fig. 2.

The instrument described in this report can demonstrate the effects of surface con-
tamination of the probe. Figure 12 is an actual recorder trace of the probe current col-
lection in a plasma generated by electron bombardment of air at 0.66-Pa (5 X 10-3 Torr)
pressure. Range switching prevents off-scale signals and accounts for the discqntinuities
of the recorder traces. Both electron and jon currents are disployed as positive signals.
With reference to Fig. 12, the voltage sweep sequence begins at point 1 in the modulated
mode at the most negative voitage V_. At this point, current collection is in the net-ion
phase. Moving to the left, the voltage becomes more positive, and the ion current de-
creases until at point 2 the floating potential is reached. As the voltage becomes still
more positive, net electron current flows to the probe, continuing to increase (going
through a range switch at point 3} until its peak value is reached at point 4, which is
coincident with the most positive sweep voltage V. The sweep reverses direction and
retraces itself, going from maximum positive to maximum negative voltage. At point 7,
sweep pulse modulation ceases. The continuous sawtooth sweep begins there at V_,
peaks in electron current at point 8 (V, ), and retraces itself to its maximum negative
value V_ at point 9.

The striking features in Fig. 12 are the differences in peak amphtude and symmetry
between the two modes of operation: the conventional sawtooth sweep produces very
significant hysteresis, whereas the modulated sweep does not, As regards derived tempera-
tures and dersitics, the conventional approach js clearly ambiguous. A close examination
of the modulated-sweep trace reveals some nonsymmetry in those regions within 20 ms
(rs = 275 ms) of sweep-mode switchover points 1 and 7 (compare the regions |¢; + 20
ms] = t > t; and {t7 — 20 ms] < t < t7). The former period is the length of time re-
guired for the probe to “‘forget™ its surface condition established during the preceding
continuous sweep. Since this recording was made, we have programmed the sweep
sequence so that each mode operates through two cycles, rather than one complete
cycle. Only the very beginning of the first modulated-sweep cycle suffers memory effects
from surface conditions acquired during the preceding conventicnal sawtooth sweep. The
result is 100% symmetry of the second modulated sweep. We have established similar
results in air, helium, argon, and carbon dioxide plasmas.

Our contention that the elimination of hysteresis by pulse modulation was a result
of stabilized electrode surface conditions and not . ome other phenomenonr was tested in
a number of ways:

1. The current-sampling interval 7, (Fig. 2) was positioned at various locations
within the sweep pulse 7,,, by selecting different values of 74 for identical plasma

17

B et FC3 L o T P INTRE
SAPRATELIEST S E S S e S SR S ST LA A (i S R S SR S

=
%
i
*
b
%
=
E
=
H
z
3

Al w0 220005k . P 200 ¢ L § LA S ok bt N R aA DS !

L e A ot wh SR 8 S B

b Pl N N

IS

T R S 1)




e e e e e o e tm i e = = I PRI AU T
TR A IR S T B E R T A me e T LTI E SR RETEY T LAY

T SRR N T TR W

HOLMES AND SZUSZCZEWICZ

>
N L i gl
bt S 0 Bt A e Lt i L

I )

LINEAR SWEEP MODULATED SWEEP *

5 3

N [- g g

AIR (.4 :,

P = 5 nTorr -

8 3 ;

= = b3 2 .

e @

3 Z 3 - & i

= = ~ 3

= = =]

= = s =+ © )

LT = o 1138

- =5 L 8 3+ 9 :

E F z 2= o

i = g— - Jua— Fogets i

— = =

19 T %= :
o T =. :
=== o —-?

. Qv 6 . 2 .

Fig. 12 — Recorder trace of the probe current in a plasma
using pulsed and continuous sweeps

conditions. With 7, and 7; equal to 102 and 45 us respectively, g was set at 14, 24, 34
and 44 ps, and complete [-V characteristics were collected for each case. That all charac-
teristics were found to be identical supported the assumption that we were not sampling
some transient plasma staie (which would be the case if 7, or g or both were less than
the inverse ion plasma frequency v,'n-1 ) nor perturbing our measurement with sizeable
displacement currents through stray circuit capacitances. The possibility of the latter
distortion was also elimnated by simply shunting the probe terminal through a resistor

R to ground. Under this condition the modulated and continuous modes yielded linear
and identical I-V characteristics with d//dV = R-1,

2. A more cenvincin, test resulted from plasma sampling by the continuous and \
pulse-modulated modes under hoth cleaned- and uncleaned-probe-surface conditions.
Immediately after a probe-cleaning procedure of resistive heating, the I-V characteristics
o° both modes were found to be identical, but continued exposure (on a time scale of
seconds) of the probe to the charged- and neutral-particle environment of the plasma
chamber showed increased degradation in the symmetry of the continuous mode, finally
resulting in hysteresis !ike that shown in Fig. 12, There was no corresponding symmetry
loss in the pulse-modulated mode. The details of these and related tests wall be presented

in another article which deals with the mechanisms of surface contamination and associated
charging effects.
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